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Abstract  

I n  t h i s  paper  we descr ibe  a d r i f t  i n s t a b i l i t y  of Alfven 

waves dr iven by t h e  sharp  e l ec t ron  thermal grad ien t  a t  t he  

inne r  edge of  t he  e l ec t ron  plasma shee t .  The ana lys i s  p red ic t s  

a l oca l i zed  i n s t a b i l i t y  with wavelengths perpendicular  t o  the  

magnetic f i e l d  comparable with an ion  cyclotron rad ius  and 

p a r a l l e l  wavelengths comparable with t h e  length of f i e l d  l i n e s  e 

The f a s t e s t  growing wave should have an = 10 second per iod ,  

cons is ten t  with observat ions o f  P i  1 micropulsations observed 

during subs t o m s .  

* Also a t  Physics Department, and Space Science Laboratory, University 

of Cal i fo rn ia ,  Berkeley, Cal i forn ia .  
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1. In t roduct ion  
I__-- 

Intense low frequency micropulsations occur during magnetic storms 

and aurora l  substorms. Ground magnetometer observat ions (NcPherron, e t  

al. ,  1968) revea l  a v a r i e t y  o f  o s c i l l a t i o n s ,  each with its own local. time 

and s p e c t r a l  cha rac t e r i s t i c s ,  whose complex morphology makes it unl ike ly  

t h a t  a s i n g l e  mechanism expla in  a l l  t he  observa t ions ,  lrle attempt t o  

i d e n t i f y  = 10 second per iod magnetic micropulsations,  which a r e  morning 

s i d e  manifestat ions of substorms assoc ia ted  with modulations of ene rge t i c  

e l e c t r o n  p r e c i p i t a t i o n  f luxes  (Parks,  e t  a l . ,  1968a)with a p a r t i c u l a r  

d r i f t  i n s t a b i l i t y  of Alfven waves, dr iven by t h e  s t rong  e l ec t ron  thermal 

gradient  a t  t h e  i n n e r  edge of the  e l e c t r o n  plasma shee t  (Vasyliunas, 

1968a, b ;  Frank, 1968). 

Except for t he  Pc-1 band, micropulsation frequencies are much smaller  

than  t h e  equa to r i a l  proton cyclotron frequency. 

only extremely high energy p a r t i c l e s  can be  i n  cyclotron resonance, of 

which t h e r e  are presumably too  few t o  t r i g g e r  an i n s t a h i l i t y .  

r u l e  out  cyclotron resonance in t e rac t ions  and p i t c h  angle anisotropy as  a 

low frequency micropulsation source.  

Thus, except f o r  Pc-1, 

We therefore  

Multiplying t h e  long wave per iods by a c h a r a c t e r i s t i c  propagation 

speed (such as t h e  Alfven speed) suggests  t h a t  at l e a s t  one micropulsation 

spat ia l  dimension should be roughly t h e  length o f  t he  l i n e  o f  force.  Yet 

t h e  a s soc ia t ion  o f  5-40 second per iod  micropulsations with p r e c i p i t a t i o n  

pu l sa t ions  (McPherron, e t  a l .  

micropulsations are loca l i zed  t ransverse  t o  t h e  magnetic f i e l d .  

our  poor understanding of mode s t r u c t u r e ,  propagation, and ionosphcric  

coupling, ground magnetometer measurements do not f i x  r e l i a b l y  thc  s i z e  and 

1968) y i e l d s  i n d i r e c t  evidence t h a t  

Due t o  
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l oca t ion  o f  micropulsation generat ion regions.  Since e l ec t rons  a r e  guided 

by t h e  magnetic. f i e l d ,  e lec t ron  p r e c i p i t a t i o n  pu l sa t ions  give inherent ly  

b e t t e r  information than micropulsat ions,  which cannot be  guaranteed 

a p r i o r i  t o  b e  so guicled, 

(1966) , and Parks,  e t  al.  

t o  be  l imi ted  t o  100-200 km regions i n  the  ionosphere,  which p ro jec t  onto 

Barcus and Rosenberg (1965), Barcus e t  a l ,  

(1968a), found e l ec t ron  p r e c i p i t a t i o n  pulsa t ions  

t h e  equator ia l  plane as seve ra l  thousand ki lometer  regions,  l e s s  by f a r  

than  t h e  length of au ro ra l  l i n e s  of force.  

The l a rge  s c a l e  lengths  paral le l  and small lengths  t r ansve r se  t o  the  

magnetic f i e l d  d i r e c t i o n ,  t oge the r  with t h e  low frequency, a r e  cons is ten t  

with d r i f t  waves. Furthermore, d r i f t  i n s t a b i l i t i e s  der ive t h e i r  energy 

from s p a t i a l  g rad ien ts  i n  the  d i s t r i b u t i o n  of resonant p a r t i c l e s .  In 

s t r a i g h t  magnetic f i e l d s  the  important wave-particle i n t e r a c t i o n  i s  Landau 

resonance ( i . e . ,  t h e  p a r t i c l e  p a r a l l e l  v e l o c i t y  v:. matches the  p a r a l l e l  

phase ve loc i ty  w/k,, ); t he  analog o f  Landau resonance i n  mirror  geometry 

is bounce resonance. Cyclotron resonances do not  a f f e c t  low frequency 

d r i f t  i n s t a b i l i t i e s .  

The s t e e p  i n n e r  edge of the  e l e c t r o n  plasma shee t  (Vasyliunas, 1968a) 

i s  an obvious candidate €or var ious d r i f t  i n s t a b i l i t i e s .  We search here  

for  one which produces magnetic micropulsations between the  ion  and 

e l e c t r o n  bounce frequencies .  

could o r i g i n a t e  from a r o t a t i n g  ionospheric  l i n e  cur ren t  dr iven by a 

pure ly  e l e c t r o s t a t i c  wave (Wilson, 1966), a s impler  hypothesis is t h a t  

micropulsations a r e  magnetically po la r i zed  i n  deep space.  

genera l ize ,  f o r  magnetospheric condi t ions,  an ana lys i s  by Mikhailovsky 

and Rudakov (1963) of d r i f t  i n s t a b i l i t i e s  of Alfven waves, D'Angelo (1969) 

has a l s o  suggested d r i f t  i n s t a b i l i t i e s  a re  respons ib le  f o r  micropulsations.  

While magnetic f luc tua t ions  on t h e  ground 

We therefore  



-3- 

E a r l i e r ,  Swift  (1967) analyzed an e l e c t r o s t a t i c  d r i f t  i n s t a b i l i t y  withoitt 

consider ing coupling t o  an o s c i l l a t i n g  magnetic f i e l d ,  

Sec t ion  2 e luc ida te s  when Alfven waves can have d r i f t  couplinxs t o  

resonant p a r t i c l e s ,  using phys ica l  arguments drawn from the  two-fluid 

theory o f  low frequency waves i n  s p a t i a l l y  homogeneous plasmas and a 

uniform magnetic f i e l d .  

r e l a t i o n  f o r  d r i f t  waves i n  a s p a t i a l l y  inhomogeneous plasma, assuming the  

magnetic f i e l d  approximately uniform. 

s tandard,  many approximations are needed. 

and the  ca l cu la t ion  described i n  3 . 3 .  Those unin teres ted  i n  ca l cu la t iona l  

d e t a i l s  may t u r n  t o  sec t ion  4 ,  where a simple d ispcrs ion  r e l a t i o n ,  

appropriate  t o  the  aurora l  e l ec t ron  boundary, is  described. 

of uns tab le  frequencies and wavelengths f o r  Alfven waves i n  a s t rong  

temperature gradient  is out l ined .  A comparison with observat ions i n  

s e c t i o n  5 ind ica t e s  t h a t  t he  present  ideas  are cons is ten t  with the  

observed s p a t i a l  l o c a l i z a t i o n ,  magnetic p o l a r i z a t i o n ,  and range of  unstable 

frequencies and wavelengths of  10 second micropulsations.  However, fu r the r  

t h e o r e t i c a l  work removing many o f  our s impl i fy ing  assumptions i s  needed 

for t r u l y  d e f i n i t i v e  conclusions.  

I n  sec t ion  3 ,  we der ive  a k i n e t i c  theory dispers ion 

While t h e  techniques used a re  

These a r e  discussed i n  3 . 2 ,  

Here the  rance 
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2. Motivation o f  Drift Approximation - 

2.1) In t roduct ion  

Information about changing plasma condi t ions propagates a t  various 

--- 

- 

c h a r a c t e r i s t i c  wave and p a r t i c l e  speeds. For example i n  s i n g l e - f l u i d  

hydromagnetics, t h e  re levant  waves are the  fast 

waves (Kantrowitz and Petschek, 1966). In  s p a t i a l l y  inhomogeneous p lasnas ,  

p a r t i c l e  d r i f t s  are add i t iona l  phys ica l ly  s i g n i f i c a n t  propagation speeds. 

When the  magnetic f i e l d  s t r eng th  B and the  i o n  (+> o r  e l ec t ron  (-) 

pressure  Pb have s p a t i a l  g rad ien ts  t he  corresponding d r i f t s  a re  

intermediate ,  and slow 

where vA i s  the  p a r t i c l e ' s  ve loc i ty  component perpendicular  t o  t he  

magnetic f i e l d ,  pf is t h e  ion  or e lec t ron  mass dens i ty ,  R is  t h e  

magnetic f i e l d ,  and 

( e is the  magnitude of  t he  e l e c t r o n i c  charge i n  esu;  c the  ve loc i ty  

of l i g h t ;  and Henceforth, we w i l l  use  

Gaussian un i t s . )  xD is an ac tua l  guiding c e n t e r  d r i f t ,  while xp , 

- v t h e  pressure  d r i f t ,  is not;  

e l ec t rons  and ions providing t h e  diamagnetic magnetic f i e l d  grad ien ts  

assoc ia ted  with pressure  gradients .  We eventua l ly  t r e a t  B t o  be  

approximately uniform; the re fo re  we concentrate  OR y., . Let us now est imate  

i t s  order of magnitude: 

.u 

RF = 5 eB/bl+c is the  ion  o r  e l ec t ron  frequency. - 

M, , the  ion or  e l ec t ron  mass, - 
I 2 

'4. - 
is t h e  macroscopic d r i f t  between !P %P 

-4 - 



where c+ is  the  ion  thermal speed, R+ = c+fQ+ t h e  thermal ion  cyclotron 

rad ius ,  and T- t he  ion  or e l e c t r o n  temperature i n  energy u n i t s .  L i s  a + * 
P 

9 ogarithmic pressure  scale length.  Ordinar i ly  R+/L ' << so t h a t  v i s  
P P 

much smaller than the  p a r t i c l e  thermal speeds.  

For weak s p a t i a l  inhomogeneities t he  d ispers ion  r e l a t i o n  obtained 

from homogeneous plasma theory o f t en  descril ies wave p rope r t i e s  wel l .  

index of  the  importance of  d r i f t  cor rec t ions  t o  the  d ispers ion  r e l a t i o n  i s  

t h e  r a t i o  of  v 

perpendicular  phase ve loc i ty  obtained from homogeneous theory.  

kAvP /w = 1 

speeds and uns tab le  growth rates. Since v is small ,  only small  

perpendicular  phase ve loc i ty  waves have important d r i f t  cor rec t ions .  

search f o r  such waves i n  s e c t i o n  2.2. 

One 

2 , which is  perpendicular  t o  t h e  magnetic f i e l d ,  t o  t h e  
P 

When 
I plasma inhomogeneity s i g n i f i c a n t l y  modifies the  wave propagation 

I 

P 
We 

2) Low Frequency Waves i n  t h e  Two-Fluid Approximation. -- 
---I 

r e a t i n g  the  i o n  and e l e c t r o n  gases sepa ra t e ly ,  t h e  two-fluid 

desc r ip t ion  allows f o r  t h e  effects o f  t h e  f i n i t e  i n e r t i a  of t h e  ind iv idua l  

p a r t i c l e  spec ie s ,  which manifests  i t se l f  i n  t h e  i n a b i l i t y  of first ions  

and then  e l ec t rons  t o  produce r ap id  v a r i a t i o n s  i n  plasma cu r ren t .  

two-fluid d ispers ion  relation f o r  t h e  th ree  wave modes with frequencies 

below t he  e l ec t ron  plasma frequency i s  (Braginski i ,  1957; S t r i n g e r ,  1963; 

Formis ano and Kennel, 

The 

2 2  
2 2  2 2 to 

a2 - [c  - f k  11 c* -3 s 
+ 



where w is  the  wave frequency, k t h e  wave number, and w/k t he  phase 

ve loc i ty .  cF, cI, and c are the  fast, intermediate ,  and s l o ~  hydro- SL 
magnetic wave speeds, defined by 

2 = CA2 cos 0 2 
I C 

0 = cos-’ kii/k 

f i e l d ,  cA i s  t h e  Alfven speed 

is t h e  angle between the  wave vec tor  and the  magnetic 

= Bo 2 /47rNM+ 

where N. is  the  equi l ibr ium number dens i ty ,  cs 1) t he  sound speed 

and y+ , t h e  ion  o r  e l e c t r o n  r a t i o  of s p e c i f i c  hea t s .  - 
2 2  The term k cA /a’ represents  f i n i t e  ion  i n e r t i a .  The cur ren t  

v e l o c i t i e s  i n  hydromagnetic waves are t h e  order  of  

comparable with t h e  ion  cyclotron radius  based upon cA, ion  cur ren ts  decouplc 

from the  waves. 

force ,  t h e  effective Alfven wave speed increases;  s ince  t h e  degree of 

decoupling is  wavelength dependent, t h e  propagation i s  d ispers ive .  

k increases  t o  w /c , f i n i t e  e l ec t ron  i n e r t i a  reduces the  e l ec t ron  

cu r ren t ,  thereby slowing t h e  effective Alfven speed. 

cA , f o r  wavelengths 

Since ion  i n e r t i a  is  decoupled from moving l i n e s  o f  

When 

P, 
Since t h i s  occurs 

a t  wavelengths much s h o r t e r  than those of i n t e r e s t  here ,  f i n i t e  e l e c t r o n  
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i n e r t i a  terms have been dropped i n  (2 .2 )  When kcA/Q+ =+ 0 , (2 .2 )  

reproduces t h e  s i n g l e  f l u i d  hydromagnetic r e s u l t  of t h ree  uncoupled 

nondispersive waves; f i n i t e  i o n  i n e r t i a  couples and makes d ispers ive  the 

t h r e e  hydromagnetic waves. 

Before consider ing f i n i t e  i o n  i n e r t i a  s p e c i f i c a l l y ,  we compare the  

d r i f t  ve loc i ty  with s i n g l e  f l u i d  hydromagnetic wave specds. 

when cs /c: i s  smal l ,  t h e  fast wave speed i s  given approximately by 

w = k2cA2 + kl. cs , where kL = k s i n 0  . Since u/kA. >> v 

R+/Lp 

For example, 
2 

2 2 2  2 (when 
P 

f << 1 ) fo r  a l l  angles of propagation, t he  f a s t  wave weakly couples 

o d r i f t  motions. Xn general ,  hydromagnetic v e l o c i t i e s  a re  comparable 

i t h  t h e  thermal speeds,  and so d r i f t  e f f e c t s  may be neglected.  Propagation 

almost perpendicular  t o  the  magnetic f i e l d  

For example, u = k,,c, 

(k&, >> k6$) is  an exception. 

r the  intermediate  wave f o r  a l l  angles of  

sopagation; by choosing k,,/k; R+/Lp << l we can reduce o/k- 
k 

+- 

2 2 2 2  

enough t o  be comparable with v . A s i m i l a r  argument appl ies  t o  t h e  

slow wave; f o r  example, when cs /c: << 1 

independent of ki. , so t h a t  increas ing  kA decreases w / k .  Thus, 

B 
u = k,, cs ; again w i s  

t h e  intermediate  and slow waves have d r i f t  modif icat ions when t h e i r  

perpendicular  wavelength is much less than t h e i r  p a r a l l e l  wavelength. 

The above argument suggests  t h a t  we need consider  t he  effects of 

f i n i t e  i on  i n e r t i a  only upon t h e  near ly  perpendicular  intermediate  and 
2 2  slow waves. When kL >> k b l  , c >> w /k €or these  waves, and the  F 

bi-cubic  (2 ,3)  

considerat ion.  

2 
iSI 

reduces t o  a b iquadra t ic ,  removing t h e  f a s t  wave from 
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2 2 c 2  

SI2 c 
- I i s  a f i n i t e  ion  i n e r t i a  parameter; r + 0 coul,ics 2 where r = - 
F i. 

t he  intermediate  and slow branches. 

depends upon the  r a t i o  of w/k and cs . Solving (2.8), 

The s ign  of t he  d i spe r s ive  coupIing 

2 2 
3 

t he  intermediate  wave i s  given by 

- c& > 2 
I Since c 

2 increases  i f  cs 

implies  that when 

up, and those with 

S imi l a r ly ,  when r 

2 
s 

w 7 -  

2 2  Since cs 2 csL 

0 always, intermediate  wave specd increases  as  I- 

2 2 2 c12 , and decreases i f  cs < cI e c I 
2 2 2 

E cA2 cos 0 

cs /cA2 < I waves with 0 I c cos 8 < cs /cR2 speed 

(2 .  lo )  

2 2  2 cs /eA - < cos 8 slow down with increas ing  r . 
is small, the  slow wave i s  

t h e  slow wave decreases i ts  phase ve loc i ty  w i t h  

increas ing  r e As r + 00 , t h e  intermediate  wave approaches an 

i s o t r o p i c  sound wave 

2 
w2/k2 = c S ( 2 . 1 2 )  
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and the  slow wave approaches a wave resonance (w-+ 52, cos0) 

(2.13) 

= CA2 cs2 cos 2 e e s i n c e  cF csL 

2.3) Pola r i za t ions  

Here, we estimate t h e  p a r a l l e l  wave e l e c t r i c  f i e l d  bEk;  and the  

compressional component of t h e  wave magnetic f i e l d ,  

6 E , ,  t o  the  e l e c t r i c  f i e l d  component i n  the  d i r e c t i o n  of t h e  perpendicular  

wave vec tor ,  6E, is (S t r inger ,  1963; Formisario and Kennel, 1949) 

bBae The r a t i o  of 

2 2 2  T [I - (k cI /w ) ]  cos8 s i n 8  

2 2 2  2 [(w /k cS 1 - 13 + r s i n  9 [l - (k 2c 2 2 - 
I /w ) ]  

(2 - 14) - (1 - -  
6E* 

here  t h e  appropr ia te  w*/k* from ( 2 , s )  must be  s u b s t i t u t e d  i n  (2.14), 

In t h e  hydromagnetic limit (kcA/Q+ = 0) w = kcl p r e c i s e l y ,  

hereupon (2.14) implies  bE,, = 0 ; t h i s  means hydromagnetic waves have 

Thus, while t h e i r  propagation may be no Landau resonance i n t e r a c t i o n s ,  

a f f ec t ed  by d r i f t  terms, hydromagnetic Alfven waves can Rave no d r i f t  

i n s t a b i l i t i e s  (Kennel and Greene, 1966). Subs t i t u t ing  (2,IO) i n t o  (2.14) 

is ,  o lowest o rde r  i n  kcA/Q+ 
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k2cA2 c c 2 

6EL 52+ CF IC, -* CSL) 
T cos6 s i n 0  I S  

t ? -  
6E L i  

2 2 2  2 (2.15) 

suggest ing t h a t  s t rong  resonant Alfven wave-part ic le  couplings occur wIien 

kcA/Q+ = 1 . 
Landau resonance i n t e r a c t i o n s ,  even when kc /fi << 1 , For exanrplc, 

implying t h a t  t h e  s lov  ion when cs / c l  << 1 , 6E,/6EL tan0 = k,,/kA, , 
acous t ic  wave is  e l e c t r o s t a t i c ,  and has  a zero wave magnetic f i e l d .  

By c o n t r a s t ,  the  slow wave has  6Em # 0 , and conseqiiently 

A +  
2 

I n  t h i s  section, we removed the  magnetosonic wave from considerat ion 

by assuming cF2 >> w2/k2 ; i n  the  k i n e t i c  theory ca l cu la t ion ,  we will 

do so by cons t ra in ing  the  wave compressional magnetic f i e l d  amplitude, 

6B,( , t o  be  zero.  ( In  hydromagnetics, t h e  fast wave has a nonzero 6B,, 

while t he  intermediate  wave always has 6B,, = 0 I and when cs */c*2 << 1 , 

t h e  slow wave has a small  6B,, . Thus, assuming SR,, = 0 picks out  

only slow and intermediate  waves.) If k, is  i n  t h e  y -d i r ec t ion ,  the 

hydromagnetic in te rmedia te  wave has 6 B x  # 0 . From two-fluid theory ,  

2 !2+ t a n 0  2 2  
- 6B,, k C I  ) W x= ( 1  - -  

X w 2 k'c; w J 

s u b s t i t u t i n g  (2.10) i n t o  (2.16),  assuming cos6 << 1 . 
2 2 

2 

kcA c - cI 

A 

6% S - = -  
Q+ c 2 + c  6Bx S 

(2.16) 

(2.17) 

Thus, both (2.16) and (2.17) i n d i c a t e  the  hydromagnetic Alfven wave has 
2 6B,, = 0 . When cs /c: << 1 a BB is  small  even when kcA/R+ = 1 

II 

2 The slow wave i s  e l e c t r o s t a t i c  when cs /c << 1 , implying a small SS,, A 
. We may argue a l t e r n a t i v e l y  as follows: For perpendicular propagation, the  

slow wave reduces t o  a d i scon t inu i ty  across which pressure  is conserved. 

cS /cA 

d i scon t inu i ty  is  l a r g e r  than t h a t  i n  t h e  f i e l d  s t r eng th .  

I f  

i s  small, t h e  f r a c t i o n a l  change i n  p a r t i c l e  pressure  across  t h c  slow 2 2  
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2.4) Summary 

1.) Fini te  i o n  i n e r t i a  d i spers ion  c a k e s  t h e  intermediate  wave speed t o  

approach cs a t  s h o r t  wavelengt.hs. If  cs > cI t h e  phase speed 

inc reases  t o  cs with increas ing  kcA/R+ . When cI > cs the  

phase speed decreases  t o  cS with increas ing  kcA/R+ . Thc f i r s t  

case is  appropriate  t o  t h e  magnetosphere, where p a r t i c l e  pressures  

are la rge .  

wave frequency is  always less than 

i l l u s t r a t e d  i n  f i g u r e  1. 

8 

F i n i t e  i on  i n e r t i a  decreases the  slow speed; the  slow 

These f ea tu res  a re  Q+ cos0 . 

I 2.) When k /k = R+/Lp << 1 intermediate  and slow wavcs can i n t e r a c t  
t i  4 

with  d r i f t  motions. 

i n t e r a c t i o n  a t  any propagation angle.  

Magnetosonic waves have no s i g n i f i c a n t  d r i f t  
*. 

3.) The slow wave has a nonzero 

i n t e r a c t i o n s .  

6 E i i ,  which permits  Landau resonance 

4. )  Drift Alfven i n s t a b i l i t i e s  could expla in  magnetically polar ized  

micropulsat ions.  However, 6E,( = 0 i n  the  hydromagnetic l i m i t ,  

implying hydromagnetic Alfven waves have no Landau coupling t o  p a r t i c l e s .  

5.)  F i n i t e  i on  iner t ia  couples t h e  slow and intermediate  branches,  causiny 

an exchange of po la r i za t ions .  With increas ing  kcA/'d+ , t h e  i n t e r -  

mediate Alfven wave acqui res  a 

slow wave) , permi t t i ng  Landau i n t e r a c t i o n s  at  s h o r t  wavelengths, 

kcA/R+ = 1 . 

&,, (from the  almost e l e c t r o s t a t i c  
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6.) 6Bli is la rge  f o r  the  f a s t  wave, zero f o r  t h e  hydromagnetic 

intermediate  wave, and small f o r  t he  slow i on  acous t i c  wave when 

<< 1 . These r e l a t i o n s  hold for  f i n i t e  kc /Q s o  lonc ‘S /‘A A +  
2 as cs / c t  is  not  t o o  large.  
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3. Kinet ic  Theory of  Drift Waves i n  a Uniform Magnetic Field ----- -- I-.c---- 

3.1) In t roduct ion  
I_ 

Two-fluid theory,  even extended t o  S p a t i a l l y  inhomogeneous plasmas, 

descr ibes  n e i t h e r  resonant wave-particle i n t e rac t ions ,  nor perpendicular 

wavelengths nea r  t h e  i o n  thermal cyclotron rad ius .  Therefore, we t u r n  t o  

k i n e t i c  theory,  making as many s implifying assumptions as poss ib le  before 

performing t h e  ca l cu la t ion ;  t hese  are described i n  sec t ion  3 . 2 .  

sec t ion  3.3, we der ive  a d ispers ion  r e l a t i o n  f o r  coupled d r i f t  ion 

In 

acous t ic  (slow) and d r i f t  Alfven (intermediate) waves. Sect ion 3.4  

c loses  with a comparison with two-fluid theory and wi th  previous work on 

d r i f t  i n s t a b i l i t i e s  , 

3.2) =roximations -- 
a.) S t r a i g h t l i n e  magnetic geometry. 

We take  the  equi l ibr ium magnetic f i e l d  i n  t h e  z-direct ion of 

an ( x , y , z )  Cartesian coordinate system. The equi l ibr ium i s  uniform i n  

y with gradien ts  only along x . (For r a d i a l  magnetospheric gradients ,  

x % rad ius ,  y ‘L langi tude,  z ’L d i r e c t i o n  along magnetic f i e l d . )  

neglect ing f i e l d  curvature ,  we cannot f ind  t h e  p a r a l l e l  mode structure, 

important f o r  r e l a t i n g  ground and sa te l l i t e  micropulsation experiments. 

[Gummings e t  al, (1969) have i n  fact ca lcu la ted  t h e  mode s t r u c t u r e  of 

By 

hydromagnetic s tanding Alfven waves i n  the period range of interest  here.]  

However, t h e  i n s t a b i l i t y  i s  probably q u a l i t a t i v e l y  described by s t r a i g h t  l i n e  

geometry. 

geometry, Rutherford and’ Frieman (1968) ind ica t e  t h a t  curvature introduces 

I n  a paper on e l e c t r o s t a t i c  d r i f t  waves i n  curved magnetic 
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no new e l e c t r o s t a t i c  modes o r  i n s t a b i l i t i e s  bu t  only modifies d e t a i l s  of 

those prev ious ly  found i n  s t r a i g h t l i n e .  approximation. No curved f i e l d  

ca l cu la t ions  t o  da t e  (e.g., Rosenbluth, 1968; Rutherford and Frieman, 1968; 

Liu,  

wavelengths near  the  ion  cyclotron rad ius ,  important he re ,  

1969) t r e a t s  e i t h e r  the  electromagnet ic  po la r i za t ions  o r  perpendicular  

Nonetheless, 

from general  geometry experience,  we can e x t r a c t  two po in t s .  F i r s t ,  

Landau i n t e r a c t i o n s  i n  s t r a i g h t l i n e  geometry correspond t o  bounce resonance 

i n t e r a c t i o n s  i n  general  geometry. Since t h e  most unstable  d r i f t  waves have 

long wavelengths p a r a l l e l  t o  t h e  magnetic f i e l d ,  whose upper l i m i t  i s  t h e  

length of t h e  l i n e  o f  force ,  t h e  k,,vll 

w - k,,v,, = 0 , corresponds approximately t o  t h e  bounce frequency of a 

p a r t i c l e  mirror ing nea r  t he  e a r t h .  Second, general  geometry ca l cu la t ions  

involve q u a n t i t i e s  averaged over t h e  length of t h e  tube of force ,  i . e . ,  

<Q> = 

fo rce .  This averaging process  emphasizes those  po in t s  where I B {  i s  small, 

suggest ing t h a t  e q u a t o r i a l  plane parameters make t h e  appropriate  correspondence 

between s l a b  geometry ca l cu la t ions  and the  magnetosphere. 

i n  t h e  Landau resonance condi t ion,  

dR 181- Q , where dR is  an element of length along the  l i n e  of 

b . )  Neglect of ionospheric  a t t enua t ion  and coupling. 

We neglec t  wave energy lo s ses  due t o  r e s i s t i v e  ionospheric  

a t t enua t ion  o r  t o  coupling t o  the  ionosopheric wave guide. 

such lasses and ensure i n s t a b i l i t y ,  t he  equa to r i a l  plane growth rate must 

be f i n i t e  and p o s i t i v e .  

frequency dependent, t h e  equa to r i a l  growth rate determines which modes 

To overcome any 

However, i f  ionospheric  l o s ses  are not s t rongly  

are most unstable  . 
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c . )  Assumption of small magnetic inhomogeneity. 

?1 i: d R n p  d R n B  >> -- dx dx ' 
We assume vD << v . This  requi.res t h a t  

c) 
P 

The hydromagnetic pressure  equi l ibr ium condi t ion ,  v[p + ( B L / 8 d l  = 0 , 
r: .Z d R , \illere I dx I B dx implies f o r  s l a b  geometry, t h a t  

$ = 8np/B . Thus, if B << 1 , lyDfl << lyp'i For the  inne r  edge of 

the  e l e c t r o n  plasma shee t ,  where 

B 2 0.3 , suggest ing t h a t  

e l ec t ron  B < 1 , the  logari thmic gradicn t  of t h e  magnetic f i e l d  i s  roughly 

t h a t  of  the  d ipole  f i e l d .  

whereas' the  e l e c t r o n  sca le length  is 5 1 R 

ana lys i s  i s  r e s t r i c t e d  t o  such sharp p a r t i c l e  d i s t r i b u t i o n  gradien ts .  

N % l/cm3 , 

Iv 1 = O(5) IvDl a 

T- 2 3 keV , 

I n  o the r  words, whcn tbc 

B 2 60y , 

-P 

A t  L = 6 , t h e  d ipole  s c a l e  length i s  2 2 RE , 

(Vasyliunas, 1968a) - Our 2 E  

d . )  

The magnetosonic mode is  always faster than typ ica l  d r i f t  speeds,  

Annihi la t ion of f a s t  magnetosonic wave. 

and does not have l a rge  d r i f t  modif icat ions;  i t s  presence only c l u t t e r s  

d r i f t  ca l cu la t ions  with i r r e l e v a n t  terms. We remove it i n  advance, by 

cons t ra in ing  the  nodes we do t r e a t  t o  have a t  most r o t a t i o n a l  magnetic 

f i e l d  components, i . e , ,  by requi r ing  

wave has a s i g n i f i c a n t  nonzero 

fast wave ad jus t s  t h e  t o t a l  p ressure  time s c a l e s  s h o r t e r  than d r i f t  time 

scales, leaving only small 

---- ---- 

6R,, = 0 . Recal l  t h a t  only t?ie fast 

An a l t e r n a t i v e  argunient i s  t h a t  t he  6B,, . 

6B,, adjustments t o  tFle o thc r  trio waves. 

e ,) 

Because t h e  plasma equi l ibr ium is  inhomogeneous, an 

i n t e g r o d i f f e r e n t i a l  equat ion descr ibes ,  i n  genel-al, thc  x-dependence of 

t h e  waves' s p a t i a l  e igenfunct ions . For s h o r t  x-wavelengths r e l a t i v e  t o  

equi l ibr ium s c a l e  lengths ,  t he  WKB approximation, wherein the  wave f i e l d s  

Loca l iza t ion  o f  s p a t i a l  e igenfunct ions . 
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vary as exp i [.fx k (x ' )  dx' + k y + k z - wt] j may be used. Since thc  

i n s t a b i l i t y  energy source is  a loca l i zed  s p a t i a l  g rad ien t ,  t h e  f a s t e s t  

growing modes should have eigenfunct ions loca l i zed  near  t he  maximum p lnsnin 

X Y z 

grad ien t .  For these  waves, t he  IJKB d i spers ion  r e l a t i o n  has t h e  form 

dx' kx(xr;2,k ,k ) = nv 
Y Z  

1 X 

where t h e  wave amplitude must tend t o  zero as x -+ F m . Rukhadze and S i l i n  

(1964), Elikhailovsky (1967), Krall (1968), and o thers  have argued t h a t  a 

good est imate  o f  t h e  e igenfrequencies  and growth rate can be o?)tained by 

examining t h e  turn ing  p o i n t s ,  where kx = 0 . Therefore,  we set k = 0 

i n  advance, c r ea t ing  an a l s e b r a i c  d ispers ion  r e l a t i o n ,  r a t h e r  than an 

i n t e g r o d i f f e r e n t i a l  equat ion with boundary conditioiis .  

x 

Combining t h e  SBli = 0 and kx = 0 condi t ions with Faraday's law 

implies  t h a t  6Ex which carries the  fast wave, is zero. The only 

remaining wave components are 6E  , 6EZ 5 bE , 6 B x  , k '=' kA 

and kZ -2 k,, . 
Y 

3.3) 

The equi l ibr ium d i s t r i b u t i o n  funct ions Fo depend only upon the  

Calcu la t ion  o f  Dispcrsi on Relation --- - --_I--- 

rt 

p a r t i c l e  cons tan ts  of  motion. Time invariance and t r a n s l a t i o n a l  

invar iance  along B imply t h e  p a r t i c l e  energy and p a r a l l e l  momentum, 

r e spec t ive ly ,  are conserved;in n o n r e l a t i v i s t i c  plasmas, vA and v., 

w 

= FI,v + eA / c  
PY - Y Y are equivalent  constants  of motion. From y-invariance,  



-1 7- 

is conserved, 

A = lB[x , so 

We choose Fo 
+ Y 
- 

For a constant magnetic f i e l d ,  t h e  vector  p o t e n t i a l  

t h a t  X = x + (v /Q+) is an equivalent constant of motion. 
Y - .  

t o  be loca l ly  bi-Maxwellian: 

+ 
N(X) , 

the  e l e c t r o n  or ion  perpendicular and p a r a l l e l  tcmpcrature, respect ively.  

The equilibrium p a r t i c l e  o r b i t s  i n  the  frame f o r  which equilibrium e l e c t r i c  

is t he  e l e c t r o n  and ion number dens i ty ,  and TA'(X) . and T - (x) 
8 .  

f i e l d s  are zero,  are: 

vx = vA cos($-Q+t) ; v = vA sin($-n+t) - , v z = v,, (3.51 Y - 

v 1 
x(t) = xo - 12- [sin($-n+t) - - sin$] 

Y ( t )  = yo + - [cos($-Q+t) - - sin$] 

+ - 

*, 
z ( t )  = Zo + VIl t  

where $ is  the  Larmor phase at t = 0 , and (xo,yo,zo) is the  

p a r t i c l e  loca t ion  a t  t = 0 . Fina l ly ,  

v,, sin(+-Q+t)  - 
x = x( t )  + I 

52, - 
i (k*x-ut) For small amplitude harmonic wave f i e l d s ,  varying as e - -. S 

t he  wave electric f i e l d  satisfies 

(3 .4)  

(3.5) 

where the  d i e l e c t r i c  tensor  E is defined b;y (S t ix ,  1962) 
@ * 
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* +  
85 i s  the  pe r tu rba t ion  cu r ren t ,  and d f -  t he  per turbed d i s t r i b u t i o n  

func t ion ,  

r e l a t i o n  involves f ind ing  6f" ~ u l t ~ p l y i n ~  by v i n t e g r a t i n g  over 

ve loc i ty  space ,  expressing 6J  i n  terms of 6 E  , and so lv ing  t h e  

deterrninant of ( 3 . 6 ) .  

* 
I 

'We treat  one spec ies  of s i n g l y  charged i o n s ,  Thc dispers ion  
+ - 
LI -" 

6f' can be  found by the  method of c h a r a c t e r i s t i c s  (RosenbPuth, 

1965; Mikhailovsky, l967), wherein 6 8  a t  t = 0 is  given by an 

in t eg ra t ion  following unperturbed p a r t i c l e  t r a j e c t o r i e s  : 

f 1 e $  + - 6f- [x(t=O) ,v(e=0) ,og = + 
.u - 

where t' i s  a time index following p a r t i c l e  t r a j e c t o r i e s .  Im w = y 

is assumed p o s i t i v e  t o  ensure convergence of the  i n t e g r a l  a t  t' = - w e  
= 6B = 0 , using Faraday's aw t o  e q r e s s  6B Assuming 6Ex = 6BZ X Y 

i n  terms of 6E and 6E and making t h e  change of coordinates 

Fo-[x( t ) lv( t ) ]  
f f 

Y 
9 

Fo (X,v,,v,) SO t ha t  Fo i s  a constant  i.n the t' i n t eg ra t ion :  - - 

(3.10) 



For t h e  l o c a l l y  b i  -Mawel l i a n  d i s t r i b u t i o n s  (3,Z) I 

where the  thermal speeds cA+ , cil+ are 

and t h e  thermal anisotropy A' i s  (Tab' - TL')/Ti, 2 Note t h a t  

3. Ila) 

Using (3 .4 ) ,  we may write 

x = w - k,v,, 

ia s i n 4  i n $  where we used the  Bessel function i d e n t i t y  e = In Jn(a) e 

twice. 

not ing t h a t  Fo-(X,vL,v ) is independent of e' : 

Combining (3.13) with (3 .9 ) ,  we perform t h e  o r b i t  in tegra t ion  
+ 

I I  
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The pe r tu rba t ion  cur ren ts  are 

f Equations (3.15) and (3.16) contain v,-integrations over Fo which 

conta ins  vL d i r e c t l y  and a l s o  i n d i r e c t l y  through X I n  eva lua t ing  

(3.15) and (3.16) we assume the  equi l ibr ium s c a l e  length i s  much longer 

than  the  ion  cyclotron r ad ius ,  so t h a t  Fo'(X) = Fo-(x) + O(v-/R L 1 , 
" P  

and a / a X  = a/ax thereby neglec t ing  t h e  i n d i r e c t  vA dependence a 

+ 

When U , Y , and the  "bounce" frequencies k,,v,, of t y p i c a l  p a r t i c l e s  

are well below the.  i on  cyclotron frequency, X/R+ 6< 1 

t h e  summation of cyclotron resonance denominators: 

and w e  may expand - 

(3.17) 
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where 6 = 1 i f  n = 0 and zero otherwise.  Equation (3.17) implies 

t h a t  we neglec t  a l l  cyclotron resonance i n t e r a c t i o n s .  

wavelengths near  t h e  i o n  cyclotron r ad ius ,  none of the  ion  Bessel functions 

no 
For perpendicular  

are small; thus  we 

f a c i l i a t e d  using 

2 
In n Jn 

must sum cont r ibu t ions  from a l l  n e However, t h i s  i s  

Keeping the  first nonvanishing terms i n  X/R+ (3.15) and (3.16) reduce t o  

(3.18) 

(3.19) 

The cor rec t ions  t o  (3.18) and (3.19) are at l e a s t  O(A/Q+) smaller than the  - 
t e n s  kept.  Note t h a t  t h e  y-current ,  which i s  respons ib le  f o r  Alfven waves, 

has no l / X  Landau resonance terms, whereas t h e  z-current ,  which leads 

t o  slow ion sound waves does. 

(3 .20b)  
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+ 2 9 -  G- , which arises from v. - in t eg ra t ion  of (1-J ) F  is . &  0 0  

(3.20c) 

(3.21) 

+ i 

2 -  2 ”  - 2  where a = k,T, /M+Qk* , rn’ = e In(z-) and In i s  a modified 
+ 

Bessel funct ion of t h e  first kind. As z’ * 0 G- + l ; for  

z >> 1 G’ % I/zf . 2 

w*+ is  a d r i f t  frequency: - 

5 2 
where t h e  arguments z’ of To r l  have been suppressed. DS(w,k) = 0 

is the  e l e c t r o s t a t i c  d r i f t  wave d ispers ion  r e l a t i o n ;  
--I_-- 

9- 
Since,  i n  reaching (3.20), we s e t  a l l  odd viI moments of F aero,  

we cannot treat  i n s t a b i l i t i e s  from cur ren ts  and hea t  flowing along l i nes  

0 

of force .  

f 2  Dropping terms small i n  M-/M+ ( the l a r g e s t  of which i s  O ( h ! - f M + )  

comparable with terms of  ’ 0 (A/Q,) 

0+2/uii = c:/c2 and dropping t h e  un i ty  terms i n  (3.20a) and ( 3 . 2 0 ~ 1 ,  

already neglec ted) ,  using 

- 
which are  of order  c:/c2 << 1 , we reduce (3.20) fu r the r :  
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r l -  

(3.2421) 

(3.24b) 

(3 * 24,) 

.- 2 AT 5 1 G'(T,~ - T+) i s  an e f f e c t i v e  temperature anisotropy. 
+ r -  

To correspond t o  frequencies between the  ion and e l e c t r o n  bounce 

frequencies,  we assume 

t o  be smal le r  than the  e lec t ron  thermal speed !CA 

k,& c, + << w << k,,cb- For the  intermediate  speed 

Cil-) 8aNT,-/B2 = 
f. 

> 2(M-/M+) . (Thus overa l l  we require  1 >> edI- >> 2 (P! /El+] .) 

For the  slow speed t o  b e  l a r g e r  than the ion thermal speed 

T,,-/T,{ > I . ~ f ,  moreover, we assume y/w << P then, for  ions 

(cs > c,,+) , 
9 

and, f o r  e lec t rons  

where t h e  Dirac d e l t a  functions s i g n i f y  Landau resonance wave-particle 

i n t e r a c t i o n s ,  Using (3.25), Ds(w9k) becomes 

(3 ,26 

- 
i s  an ion 2 ,  Unlike t h e  f l u i d  d e f i n i t i o n  (2.9), here cs = T,i /M+ . u+ 

d r i f t  frequency: 



(3 ,27)  

G is t he  corresponding e l e c t r o n  d r i f t  frequency - 

(3.28) 

-.. In  s e c t i o n  4 ,  we w i l l  use t h e  f a c t  t h a t  when z- aa 1 w i s  a pure - 
number dens i ty  d r i f t .  6 contains  resonant ion and e l ec t ron  e f f e c t s :  

2 
B' w 

r '  1 -  
0 

(3.29) 

2 
',i+ d Rn N L - dx 'A 2 z+ (ro + rlf) 

Onl 

I 
2 w  

+ r -  [--"-I L l-q-qi- 

Using (3.20) - ( 3 . 2 9 ) ,  we may f ind  t h e  d ispers ion  r e l a t ion :  

where 

anisotropy ("firehose") and f i n i t e  cyclotron radius  e f f e c t s ,  

EA is an e f f e c t i v e  Allfven speed r e f l e c t i n g  modifications by thermal 

- 
- 2  
e A = c t  - AT/M+ . 
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3.4) Discussion 

Let us compare (3.30) with homogeneous two-f luid theory r e s u l t s .  

Neglecting thermal an i so t rop ie s  and s p a t i a l  d e r i v a t i v e s ,  (3 .30)  reduces t o  

(3 .31 )  

* G+ and To approach Neglecting 6 , and not ing  t h a t  when z' << 1 

un i ty ,  (3 .32)  may be r ewr i t t en  

2 2 2 ,2 2 2 2  
csL y c S (kli /k ) when c S 2/cA2 << 1 . When cA >> cs2 >> w /k , using 

(3 .32)  and (2 .8)  reduce t o  approximately t h e  same expression,  with 

2 2  2 2  ki cA i n  (3.32) rep lac ing  k cA /a+ i n  ( 2 . 8 ) .  Since k,/k = l t h i s  

d i f f e rence  is unimportant. Thus, k i n e t i c  theory reproduces homogeneous 
2 2  + 

two f l u i d  theory  r e s u l t s  when cs /cA and z- are small ,  and resonant 

p a r t i c l e s  may be  neglected.  

F i n i t e  cyclotron rad ius  [FCR) effects not  descr ibed i n  f l u i d  theory,  

may be  evaluated schematical ly  by neglec t ing  f i n i t e  ion i n e r t i a  i n  ( 3 ~ 3 1 ) ~  

whereupon when z << 1 t h e  intermediate  and slow waves a r e  given by 

w2 = k 2c 2/G+ and w2 = k b l  cs rQ 
i ne r t i a  increase  t h e  intermediate  speed and decrease t h e  slow speed as 

k, increases ,  s i n c e  both G and To decrease as z increases .  

- 
2 2 +  respec t ive ly .  Both CR and f i n i t e  ion kt A 

9 + 9 

6 represents  Landau wave-particle i n t e r a c t i o n s ,  which i n  homogeneous 

Maxwellian plasmas can only damp waves. S p a t i a l  inhomogeneity, however, 
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permits i n s t a b i l i t y  i n  c e r t a i n  cases. 

t h e  wave frequency, through w*+ and G+ e 

I t  a l s o  modifies t h e  r e a l  p a r t  of 

. -  
(3.30) reduces t o  t h e  r e s u l t s  of blikhailovsky and Rudakov 

(1963), who kept f i n i t e  i n e r t i a  coupling bu t  assumed z' <( 1 and t o  

those of Kennel and Greene (1966) who t r e a t e d  hydromagnetic d r i f t  

i n s t a b i l i t i e s  (Z kcA/R+ 0 )  for a r b i t r a r y  cs /cA Wen z- = 

rl = = AT = 0 , (3.30) reproduces t h e  r e s u l t s  of Mikhailovsky (1967). 

2 2  + 
- f f 
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4.  D r i f t  I n s t a b i l i t i e s  of the  Auroral Electron Boundary 
-_I_-I- 

4.1) Alfven Thermal Gradient I n s t a b i l i t y  

The aurora l  boundary e l ec t ron  temperature gradient  i s  much l a r g e r  than 

the  number dens i ty  grad ien t  (Vasyliunas, 1968a). Tfie ions  have no sha rp  

grad ien t  near  t h e  e l e c t r o n  boundary (Frank, 1968). Thus, we keep only 

the  e l ec t ron  temperature gradient'. Since when z << 1 , w = 0 €or 

small number dens i ty  grad ien t ,  (3.31) reduces t o  (3.32) t h e  homogeneous 

plasma d ispers ion  r e l a t i o n ,  except t h a t  6 has  thermal grad ien t  contribu- 

t i ons .  When y/w << 1 , (3.32) reduces t o  sepa ra t e  equations f o r  y and (I) : 

... - 

(4, l a )  

(4.  Ib) 

.. 
where AT is  assumed zero. y > 0 s i g n i f i e s  i n s t a b i l i t y ,  In order  t h a t  

y + o  3 w2 k:c:/G" ; t h i s  condi t ion is  always s a t i s f i e d  fo r  t h e  slow 

wave, and for  t h e  intermediate  wave only when f i n i t e  ion  i n e r t i a  i s  

accounted f o r .  
2 2 2  When z+ > 0 both FCR and f i n i t e  i on  i n e r t i a  ensure w > k,, cA 

for the  intermediate  and slow waves respec t ive ly .  and w < k,, cs 

< 1 , we may decouple t h e  two waves i n  (4 , l a )  by moreover, 
2 assuming w >> k ,, cs 

Since,  2 2 2  

=s /=A 

r0+ for t h e  Alfven wave, whereupon 
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Simi la r ly  we may assume w 2 /ki:c+2 >> 1 I permi t t i ng  neglect  o f  ion 

Landau i n t e r a c t i o n s .  Then, s u b s t i t u t i n g  (4.2) i n t o  (4 .  lb)  

2 2 2 c  2 

expr-w m,, c 1 2 5 
2 2 2 kL 'A k i l  S ~ 

2 w 

Y 
s 

- =  - hqx w 

A i s  the  e l ec t ron  temperature d r i f t  frequency 

where LT = (d En T-/dx)-l e 'When 

A s u f f i c i e n t  condition for i n s t a b i l i t y  is  

A = 0 t he  Alfven wave is damped. 

Since by assumption w*/k,,2c - < 1 'a/w < -1 is a necessary condition 

f o r  i n s t a b i l i t y ,  implying t h a t  t h e  perpendicular  phase ve loc i ty  w/'k,. and 

the  thermal gradient  d r i f t  v e l o c i t y  

d i r ec t ed .  IA/ul > 1 implies 

c 2/2s2 d Rn T" are oppositely - - dx 

Large AA leads t o  i n s t a b i l i t y .  T-/T' l a rge ,  cS/cA l a rge ,  and a la rge  

r a t i o  of para l le l .  wavelength t o  thermal grad ien t  sca le length  (k,,LT << 1) 

a l l  cont r ibu te  t o  i n s t a b i l i t y ,  When z << 1 , I' = 1 - z and 
+ -1 + 4 

(1 - ) zz l / z  , so t h a t  i n s t a b i l i t y  does not  occur f o r  z + 0 . 
z 

+ + + 
0 

+ 
must surpass  a threshold value for i n s t a b i l i t y ;  f o r  ins tance ,  when 
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+ = 2 , and T-/T+ = 2 , z > 0.8 f o r  i n s t a b i l i t y .  Thus, except f o r  
*A 

very l a rge  

rad ius .  Since when z >> 1 , both A ' and w grow as ( fo r  $< 

cons tan t ) ,  a necessary condi t ion f o r  l a rge  z and thus any z t o  be 

uns tab le  i s  obtained by s e t t i n g  I'o + 0 i n  (4.6), bA > 

hA , i n s t a b i l i t y  sets i n  a t  wavelengths nea r  the  i o n  cyclotron 
+ 

+ + 

+ 

4- For k,i cons tan t ,  y increases  with increas ing  w and z u n t i l  

w = k,,c - , when y changes s ign.  When k, ,  corresponds t o  t h e  lowest 

p a r a l l e l  mode, the  uns tab le  wave frequencies are below t h e  e l ec t ron  bounce 

frequency and above t h e  l a r g e r  o f  t he  Alfven bounce frequency, 

t h e  proton bounce frequency, krlc+ 

the  i n s t a b i l i t y ) .  Since y maximizes j u s t  before it changes s i g n ,  t he  

most uns tab le  frequency is near but  below t h e  e l ec t ron  bounce frequency. 

In  curved magnetic geometry, t he  growth rate peaks even more s t rongly  

nea r  bu t  below the  bounce frequency s ince  i s  replaced by a 

term of O(w/kp,c - )' 

k,#cA o r  

(s ince i o n  Landau damping would k i l l  

u/lkl, I c - 
(Rutherford and Frieman, 1968). 

4.2) 

Assuming u2 <(: k ,fc: , t h e  slow i o n  sound wave frequency and 

Ion Sound Thermal Gradient I n s t a b i l i t y  ----- 

growth rate a re  given by 
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where we assumed u/k,,c - very small ,  t r u e  except when T-/T+ i s  

u n r e a l i s t i c a l l y  large.  

which requires  

A necessary condition for  i n s t a b i l i t y  i s  A/w < - 1  

This i n s t a b i l i t y  c r i t e r i o n ,  while less s t r i n g e n t  than t h a t  f o r  Alfven 

waves, s t i l l  requi res  t h a t  z be  f i n i t e .  Therefore, the  unstable 

frequencies l i e  below k,,cS . As z increases ,  w/k,, decreases t o  c+ 

where the  b a s i c  assumptions of  t h i s  ca lcu la t ion  break down. 

lowest p a r a l l e l  mode w i l l  probably be unstable only above the  ion bounce 

frequency. 

t 

+ 

Thus, t!ie 
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5 .  Summary 

Only the  intermediate  and slow wave branches have s t rong  d r i f t  

i n t e r a c t i o n s .  

magnetic f i e l d  (k,,/ki = R+/L <e 1). We r e s t r i c t  ourselves  t o  c /cA 

small. 

p a r a l l e l  e l e c t r i c  f i e l d ,  and the re fo re ,  Landau in t e rac t ions .  

Alfven branch, 

at s h o r t  perpendicular  wavelengths 

permits  an exchange of po la r i za t ion  with t h e  ion  acous t i c  wave. 

To do so, they  m u s t  propagate nea r ly  perpendicular  t o  t h c  
2 2  

P S 

Then, the  slow wave i s  t h e  ion  sound wave, which always has a 

On t h e  

&Ei, # 0 , permi t t ing  Landau resonance i n s t a b i l i t i e s d  only  

where f i n i t e  i on  i n e r t i a  coupling 

We derived the  p rope r t i e s  of  d r i f t  Alfven and ion  sound waves, 

coupled by f i n i t e  ion  i n e r t i a ,  i n  s e c t i o n  3. The var ious l imi t a t ions  of  

t h i s  theory are ou t l ined  i n  s e c t i o n  3.2;  i n  p a r t i c u l a r ,  we neglect  

magnetic curvature ,  and t h e  effects o f  magnetic gradient  d r i f t s ,  The 

second assumption restricts us t o  very sharp d i s t r i b u t i o n  function 

g rad ien t s ,  such as t h e  au ro ra l  e l e c t r o n  boundary. 

t h e  magnetosphere, t he  dens i ty  and magnetic d r i f t s  are comparable. 

t h i s  case,  t h e  appropriate  d r i f t  ca l cu la t ions  must be genera l iza t ions  of  

Rosenbluth, Krall and Rostoker (1962), who t r e a t e d  

Kennel and Greene (1966), who t r e a t e d  only 

Fridman (1968), have r ecen t ly  ca l cu la t ed  t h e  p rope r t i e s  of high B d r i f t  

waves wi th  

In  t h e  remainder of 

In  

k,i = 0 only,  or  of 

z9<< 1 . Mikhailovsky and 

VD # 0 . 
A g r e a t  s impl i f i ca t ion  occurs f o r  t he  au ro ra l  e l ec t ron  boundary, 

s ince  we may neglec t  a l l  s p a t i a l  g rad ien ts  bu t  t h a t  of t he  e l e c t r m  

temperature. 

d i spers ion  r e l a t i o n ,  leaving it very similar t o  homogeneous two-fluid 

theory;  however, t h e  growth rate has  a d e s t a b i l i z i n g  cont r ibu t ion  from 

Here, the  d r i f t  terms disappear from t h e  r e a l  p a r t  of the  

the  temperature grad ien t .  

of t h i s  theory with experiment. 

Let us now compare t h e  q u a l i t a t i v e  p red ic t ions  
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5.1) S a t i s f a c t i o n  of  I n s t a b i l i t y  Cr i t e r ion  

We compute AA f o r  parameters appropriate  t o  t h e  postmidnight aurora l  

zone equa to r i a l  plane.  For T- = 4 keV , T+ = 1 keV , B = 70 y , 

N l / c m  cs = 8.6 X 10 cm/sec , c N- 4.8 X 10 cm/sec , and 

'SIcA 

t h e  l i n e  of force ,  = 20 RE 

dA =: 1.1 %/LT . From (4.6), A i  > A n -  = 2.2 implies i n s t a b i l i t y .  

Thus, i F  LT 0.5 , Alfven wave i n s t a b i l i t y  is poss ib le .  Observed 

values of  LT f a l l  within t h i s  range (Vasyliunas, 1968a). On the  o the r  

hand, higher  p a r a l l e l  modes are not l i k e l y  t o  be unstable  f o r  t h i s  range 

3 7 8 
A 

= .18 . The longest  p a r a l l e l  wavelength ava i lab le  i s  t h e  length of 

a t  L = 6 . For t h i s  lowest p a r a l l e l  mode 

of parameters. 

5.2) Unstable Frequencies and Wavelengths 

When only t h e  lowest p a r a l l e l  mode is  exc i ted ,  t he  unstable  frequency 

range should be narrow, ly ing  above t h e  Alfven bounce frequency (k,, cA) 

and t h e  thermal e l ec t ron  bounce frequency (k,,c .. ) e For t h e  parameters 

chosen above, these  two o u t e r  limits correspond t o  per iods of 4 and 25 

seconds. Since the  growth rate maximizes near  but  below k,,c , waves with 

= 10 second per iods should dominate t h e  spectrum. 

have charac te r ized  t h e  observed micropulsations as "band-limited" i n  thc  

5-15 second per iod range. 

* 

McPherron e t  a l .  (1968) 

Corresponding t o  t h e  narrow unstable  frequency range, a small range 

of perpendicular  wavelengths, approximately 1 c Jz" < c-/cA (cf. Section 

4.2),  should be unstable:  perpendicular  wavelengths near  t h e  thermal 

proton cyclotron radius  i n  t h e  equa to r i a l  plane,  some tens  of kilometers.  
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5.3) Location, Local izat ion,  and Propagation 

The a s soc ia t ion  with t h e  inne r  edge of t h e  plasma shee t  suggests  t h a t  

Alfven micropulsations w i l l  be  located equatorward of  t h e  main auroral  

a c t i v i t y ,  i n  agreement with t h e  loca t ion  of au ro ra l  l i g h t  pu lsa t ions  

(Cresswell and Davis, 1966). 

rad ius  t o  t h e  region of m a x i m u m  e l ec t ron  temperature gradient .  

The fastest growing modes w i l l  be IbCaliZed i n  

If the  
1 equa to r i a l  thermal sca le length  is  €$ =? 3000 km , t he  ionospheric  

sca le length  i s  the  order  of 100 km, cons is ten t  with t h e  l o c a l i z a t i o n  o f  

e n e r g e t i c  e l ec t ron  p r e c i p i t a t i o n  pulsa t ions  (Barcus e t  al. 1965; Barcus 

et  al. ,  1966; Parks et  a l , ,  1968a) and of 10 second au ro ra l  l i g h t  modulations 

(Cresswell and Davis 1966) e 

Since  the  i n s t a b i l i t y  c r i t e r i o n  (4,6) involves  T-/T+ t h e  s teady 

convection electric f i e l d  across  the  magnetosphere (Axford and Hines , 1961) 

could account f o r  t he  observed d iurna l  occurrence p a t t e r n  f o r  5-15 second 

micropulsations.  Electrons a r e  acce lera ted  on t h e  morning s i d e  and ions 

on t h e  evening s i d e  (Brice, 1968) Thus, i f  T*/T' = 1 i n  t h e  magnetospheric 

t a i l ,  T-/T' > 1 on the  morning s i d e  and T-/T l on t h e  evening s i d e ,  

Choosing T- = 1 keV and T' zz 4 keV with a l l  o t h e r  parameters t he  same as  

4- 

above, hA 

5-15 second aurora l  micropulsations are observed pr imar i ly  i n  t h e  0200-1000 

.03 %/LT , s t rong ly  suggest ing t h a t  i n s t a b i l i t y  is not  poss ib le .  

L.T. postmidnight s e c t o r  (McPherron e t  al., 1968). Thus, while t h e  auroral  

e l e c t r o n  boundary i s  more pronounced on t h e  evening s ide (Vasyliunas, 1968a) 

than on t h e  morning s i d e  (Vasyliunas, 1968b), it appears t h a t  t h e  e lec t ron  

t o  i on  temperature r a t i o  may play the  c o n t r o l l i n g  r o l e  i n  determining 

i n s t a b i l i t y .  

I f  w e  assum t h e  e igenosc i l l a t ion  is a s tanding  wave i n  x ( radius)  

and 2 (along the  l i n e s  of fo rce ) ,  then energy propagates along y o r  i n  
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longi tude.  From (4.5), the  uns tab le  waves propagate opposi te  t o  t h e  

e l ec t ron  thermal gradient  d r i f t ,  o r  towards morning, with phase v e l o c i t i e s  

less than 

mapped onto t h e  ionosphere, is  c: 1 km/sec. If the  micropulsations modulate 

e l e c t r o n  p r e c i p i t a t i o n ,  then t h e  phase sur faces  of assoc ia ted  aurora l  l i g h t  

i r r e g u l a r i t i e s  should progress  eastward a t  nea r  but  below t h i s  ve loc i ty .  

Cresswell and Davis (1966) found pu l sa t ing  auroras  move eastward with 

0.1 - 1 km/sec v e l o c i t i e s .  The fact t h a t  no north-south motions were 

observed i s  cons is ten t  with a r a d i a l l y  confined mode. 

A/k4 = 10 km/sec, i n  t h e  equa to r i a l  plane.  This ve loc i ty ,  

5.4) Po1 a r i  z a t  ion  

Our ca l cu la t ion  keeps only 6Bx  , corresponding t o  a r a d i a l  per turba t ion  

magnetic f i e l d  i n  t h e  equa to r i a l  p lane ,  which maps i n t o  a north-south 

pe r tu rba t ion  f i e l d  i n  t h e  ionosphere i f  t h e r e  is  no r o t a t i o n  of t h e  

p o l a r i z a t i o n  along t h e  l i n e  of force .  Accurate ca l cu la t ions  of the x-dependence 

of t h e  eigenfunct ion a r e  needed t o  determine t h e  ac tua l  

component. 

6B o r  longi tudinal  
Y 

In  any case, t h e  r o t a t i o n a l  components of the  per turba t ion  f i e l d  

should be l a r g e r  than t h e  compressional components, though because 

not always small, 

cS/cA i s  

6Bll  is  no t  necessa r i ly  s t r i c t l y  zero, as was assumed 

here.  

on t h e  ground (McPherron e t  al., 1968), cons i s t en t  with a magnetic po lar iza-  

t i o n  i n  space. 

5-15 second band l imi t ed  micropulsations are observed magnetically 
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5 . 5 )  Estimate o f  Sa tura t ion  Amplitude 

The development of t h e  d r i f t  i n s t a b i l i t y  should smooth t h e  e l ec t ron  

temperature grad ien t  d r iv ing  i t ,  by d i f fus ing  p a r t i c l e s  across  l i n e s  of 

force. 

hea t  flow equat ion 

Assuming t h i s  process  is incoherent ,  we can wr i te  an approximate 

m 

aT' a'T- - =  D- 
2 - ax a t  (5.1) 

where t h e  hea t  conduction coe f f i c i en t  should be given 'dimensionally by t h e  

magnitude of the  p a r t i c l e  v e l o c i t i e s  i n  t h e  wave (c6E /Bo) and t h e  wave 
frequency D = (cbE /Bo) 2 k) -1 . In  t h e  s t rong  d i f fus ion  p i c t u r e  of t h e  

aurora l  e l ec t ron  boundary (Petschek and Kennel, 1966; Kennel, 1969; 

Vasyliunas t o  be published) t h e  minimum l i f e t i m e  f o r  e l ec t ron  p r e c i p i t a t i o n  

TM 

t r a n s p o r t  a l s o  has t h i s  s c a l e  time permits a crude est imate  of  t h e  amplitude. 

Equating T = LT /D = 10 sec (for L = 6 and keV e l e c t r o n s ) ,  and 

is  t h e  scale t ine f o r  boundary formation. Assuming t h a t  thermal 

2 3 
M 

6E = (cA/c) 6 B  , not ing  

8 For LT = 0.5 RE , w = 27r/10 radians/sec cA = 2 x 10 cm/sec , 

6B/Bo .03 , o r  6B 3 y when Bo = 10 y . This wave amplitude ought 

t o  be dominantly r o t a t i o n a l .  

2 

Ground based measurements i n d i c a t e  6B = 1 y 

(McPherron, p r i v a t e  communication). 

pu l sa t ions  can c rea t e  an e l ec t ron  p r e c i p i t a t i o n  pulsa t ion .  

e f f e c t i v e  compressional magnetic component t h e  Alfven wave m u s t  ca r ry  

particles i n t o  an increas ing  p a r t  of t h e  d ipole  f i e l d .  

e f f e c t i v e  compressional amplitude 

i s  

Let us now ask whether Alfven micro- 

To achieve an 

In  t h i s  case,  t h e  

b , defined i n  Coroni t i  and Kennel (1963) 
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2 where 1, is the  perpendicular  wavelength. Choosing Bo =: 10 y ~ 

3 = 30 km (approximately a 1 keV ion  cyclotron r ad ius ) ,  

and L = 6 , we f i n d  b = 1.5 y , cons is ten t  with t h e i r  es t imate  f o r  

RE = 6 x 10 km, 

e lec t ron  p r e c i p i t a t i o n  pulsa t ions  with peak-to-valley f l u x  r a t i o s  of 2 .  

Thus, i f  t h i s  p i c t u r e  is correct, w h i s t l e r  amplitudes ought occasional ly  

t o  be modulated by Alfven micropulsations.  

repor ted  prel iminary observat ions of wh i s t l e r  chords b u r s t s ,  which repcnt 

Ijrody e t  a l .  (1969) have 

quas i -per iodica l ly  wi th  t y p i c a l l y  6-11 second per iods,  i n  t h e  postmidnight 

aurora l  equa to r i a l  plane.  

f i g u r e  2. 

A schematic summary of these ideas  i s  shown i n  

5 . 6 )  Ion Sound Thermal Gradient I n s t a b i l i t y  

According t o  (4.9),  k,,LT need not be as small  f o r  ion sound 

i n s t a b i l i t y  as f o r  Alfven i n s t a b i l i t y ,  suggest ing t h a t  i f  Alfvcn waves a re  

exc i ted ,  so w i l l  lower frequency ion sound waves. However, i f  Alfven waves 

are somewhat above marginal s t a b i l i t y ,  t h e i r  growth rate is  l a r g e r  than 

t h e  ion  sound growth rate. Then, i f  waves with t h e  l a r g e s t  growth r a t e  

dominate t h e  developed spectrum, or i f  ionospheric  damping is important, 

t he  ion  sound component may not  be  apparent.  Since h igher  p a r a l l e l  ion 

sound m d e s  could a l s o  be unstable ,  estimates of t h e  uns tab le  frequency 

spectrum m u s t  wait u n t i l  curved magnetic f i e l d  ca l cu la t ions  with ionospheric 

damping are c a r r i e d  out .  However an i n t e r e s t i n g ,  i f  extremely d i f f i c u l t ,  

experimental  quest ion i s  ra i sed :  are t h e r e  nea r ly  e l e c t r o s t a t i c  micro- 

pu l sa t ions?  

Before the  quest ion o f  whether d r i f t  i n s t a b i l i t i e s  can account f o r  

var ious d i f f e r e n t  micropulsations can be  answered, s eve ra l  t h e o r e t i c a l  and 
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experimental  developments are necessary. Some o f  these  necessary 

developments have been ind ica t ed  by t h e  present  ca l cu la t ion .  

t h e o r e t i c a l  s i d e ,  curved magnetic geometry ca l cu la t ions ,  including f u l l  

e lectromagnet ic  po la r i za t ions ,  f i n i t e  6, resonant p a r t i c l e s ,  and s h o r t  

On t h e  

nonhydromagnetic wavelengths, must be c a r r i e d  out .  The magnetic gradient  

and curvature  guiding cen te r  d r i f t s  must a l s o  b e  r e t a ined ,  s ince  t h e  

p a r t i c l e  sca le lengths  w i l l  be longer than i n  t h e  aurora l  e l ec t ron  

boundary elsewhere i n  t h e  magnetosphere. 

neglec t  of t h e  grad ien t  d r i f t  p resents  some uncer ta in ty ,  s ince  t h e  

unstable  waves propagate eastward w i t h  a ve loc i ty  coniparable with the  

guiding cen te r  d r i f t  ve loc i ty  of Van Allen e l e c t r o n s  of a few tens  of  keV 

energy. 

On t h e  experimental s i d e ,  t he  r e l a t ionsh ip  of s p a t i a l  g rad ien ts  i n  the  

p a r t i c l e  d i s t r i b u t i o n s  t o  micropulsation a c t i v i t y  needs t o  be e luc ida ted .  

The ques t ion  o f  e l e c t r o s t a t i c  micropulsations i s  unresolved experimentally.  

Here t h e  assoc ia t ion  with p r e c i p i t a t i o n  pu l sa t ions  could prove q u i t e  

Even i n  t h e  present  ca l cu la t ion ,  

The l o s s  of  wave energy t o  t h e  ionosphere should be evaluated. 

u se fu l ,  s i n c e  p a r t i c l e  modulations i n  the  absence of magnetic o s c i l l a t i o n s  

could be evidence f o r  e l e c t r o s t a t i c  micropulsations.  

desp i t e  t hese  t echn ica l  obs tac les ,  d r i f t  i n s t a b i l i t i e s  appear t o  be a se r ious  

candidate for various micropulsations.  An i n s t a b i l i t y  ana lys i s  o f  t h e  

au ro ra l  e l ec t ron  boundary, t h e  one case where t h e  p a r t i c l e  gradient  i s  

experimentally well-defined and which f o r t u i t o u s l y  is open t o  t h e  l imi ted  

a n a l y t i c  techniques used he re ,  has l e d  us t o  propose a wave generat ion 

mechanism which is at least not  i ncons i s t en t  with t h e  observat ions o f  per iod,  

s p a t i a l  l oca t ion  and loca l i za t ion ,  and propagation speed and d i r ec t ion ,  of 

a common au ro ra l  micropulsation. 

Nevertheless,  
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Figure 1. Oblique Hydromagnetic Waves' with Ion I n e r t i a .  

These p l o t s  schematical ly  summarize t he  e f f e c t s  o f  ion i n e r t i a  

on wave propagation near ly  across the  magnetic f i e l d  i n  a honogcneous 

plasma. Figure la descr ibes  t h e  cs/cI > 1 case o r d i n a r i l y  appropriate  

t o  t h e  magnetosphere, and lb ,  t h e  cs/cI < 1 case.  In  both cases ,  

the f a s t  wave has much l a r g e r  phase and group v e l o c i t i e s  than thc 

slow and intermediate  wave. I n  both cases ,  f i n i t e  ion i n e r t i a  converts 

t h e  intermediate  wave i n t o  an i s o t r o p i c  sound wave 

dr ives  the  slow wave t o  an obl ique ion  cyclotron resonance, w = R+ cos8 . 
The slow and intermediate  waves have a sciall  compressional magnetic 

f i e l d  coniponent, 6B,, E3I denotes mixed e l e c t r i c  and magnetic, and 

ES , approximately e l e e t r o s t  at  i c  po la r i za t ion ,  

(w/k = cs) and 

Figure 2. Disturbed Auroral Electron Boundary. 

en the  e l ec t ron  boundary is sharp enough, a d r i f t  AlFven 

i n s t a b i l i t y  c rea t e s  = PO second per iod micropulsat ions,  p r imar i ly  

after midnight, 

t h e  micropulsations modulate t h e  w h i s t l e r  i n s t a b i l i t y ,  leading t o  

f i n i t e  amplitude p r e c i p i t a t i o n  pu l sa t ions  observable i n  the  aurora l  

ionosphere, 

When unstable  wh i s t l e r  turbulence i s  already present ,  
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